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Abstract
We explore the concept of liquid Argon time projection chamber (TPC) for γ-ray astronomy in the 100 MeV – 1 TeV
energy range. We propose a basic layout for such a telescope called MAST. Using a last-generation rocket such as
Falcon Heavy, it is possible to launch a detector with the effective area and the differential sensitivity about one order
of magnitude better than the Fermi-LAT ones. At the same time, the MAST concept allows for an excellent angular
resolution, 3–10 times better than the Fermi-LAT one depending on the energy, and good energy resolution (≈ 20 % at
100 MeV and 6–10 % for the 10 GeV – 1 TeV energy range). We show that such a telescope would be instrumental in
a broad range of long-standing astrophysical problems.
Keywords: primary γ-rays, space γ-ray telescopes, time projection chambers
1. Introduction
The Large Area Telescope (LAT ) [1] onboard the Fermi
mission have proved to be a great success of γ-ray astron-
omy. In particular, Fermi-LAT detected about three thou-
sand sources above 4σ significance [2], put upper limits on
the dark matter (DM) annihilation cross section [3] from
observations of dwarf spheroidal galaxies, measured the
extragalactic γ-ray background (EGRB) [4, 5] implying
constraints on ultra-high energy cosmic ray and neutrino
sources [6, 7, 8], as well as on annihilating [9] and decaying
[10, 11] DM models, constrained the flux and spectrum
of the extragalactic background light (EBL) [12]. Addi-
tionally, Fermi-LAT data may be used to put constraints
on the extragalactic magnetic field (EGMF) parameters
[13, 14].
Further progress in γ-ray astronomy would require a
new instrument with improved sensitivity, angular and en-
ergy resolution, and wide energy coverage range. The fast
development of astronautics and the reduction of prices
on transportation services in space [15] would soon allow
for the launching of a very heavy γ-ray telescope with the
mass up to 30–40 t. In this paper we propose a concept
of a γ-ray telescope filled with pure liquid Argon and op-
erating as time projection chamber (TPC) [16, 17, 18, 19]
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called MAST 1 (an abbreviation from “Massive Argon
Space Telescope”).
Many possible designs of TPC space-based γ-ray detec-
tors filled with noble gases, sometimes in condensed phase,
were considered before (e.g. [21, 22, 23, 24, 25, 26, 27]).
However, most of these were designed for polarimetric ob-
servations in the MeV-GeV energy range. In this paper
we show, for the first time, that the idea to use a liquid
noble gas TPC transcends the above-mentioned task, and
is useful for a wider energy range, from 100 MeV up to
1 TeV , and potentially even above 1 TeV . The present
paper is organized as follows. In Sect. 2 we describe the
basic geometry of the proposed instrument. In Sect. 3
we present the expected dependence of the effective area,
angular and energy resolution vs. primary energy and cal-
culate the point-like source differential sensitivity. After
a brief discussion in Sect. 4, we conclude in Sect. 5. All
graphs in this paper were produced with the ROOT soft-
ware [28].
2. The basic geometry of the MAST telescope
A simplified scheme of MAST is shown in Fig. 1. The
direction of a primary γ-ray, assuming normal incidence,
is shown by magenta arrow. The detector with the overall
1not to be confused with Mega Amp Spherical Tokamak [20] and
other experiments and projects of the same abbreviation
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dimensions2 L × L × D with L= 400 cm consists of the
two main modules, namely, a tracker (thickness Dt = 50
cm) and a calorimeter (thickness Dc = 110 cm), so that
D = Dt+Dc. Both modules are supposed to be filled with
liquid argon (density ρ=1.4 g/cm3 and radiation length
X0= 14 cm, see Tables 2.1 and 2.6 of [29]). The total
sensitive mass of the MAST telescope is M = ρ · L2D=
35.8 t, still within the capabilities of the Falcon Heavy
rocket 3. Assuming the orbit similar to that of the Fermi
mission (565 km× 565 km× 25.5◦ [1]), we estimate the
maximal payload of the Falcon Heavy rocket for this orbit
to be ≈ 0.7 · 63.8 t ≈ 44.7 t 4.
The tracker, in turn, consists of Nt=50 layers (only
two of these layers are shown in Fig. 1). The thickness
of each layer is ∆t=1 cm. A uniform electric field Et= 3
kV/cm normal to the layers permeates the tracker medium
(denoted as horizontal blue arrow in Fig. 1). All layers
of the tracker are equipped with a readout device with
the longitudinal sampling lt= 100 µm in both dimensions
collecting ionization electrons (two of these readouts are
shown in Fig. 1 by horizontal hatching).
The calorimeter is a single volume splitted by a cathode
leaf and permeated by a uniform electric field Ec= 500
V/cm (denoted as vertical blue arrow in Fig. 1) directed
normally to the symmetry axis of the telescope (denoted
as horizontal dashed line in Fig. 1). The calorimeter has
two readouts on its walls with the longitudinal sampling
lc = 1 mm (shown in Fig. 1 by vertical hatching).
3. The performance of the MAST telescope
Below we neglect the passive material of the detector
(“dead material”) and consider only γ-ray events with con-
version vertex in the first 36 layers of the tracker; thus, the
effective thickness of the tracker is 36 cm=Dt−X0. We also
neglect saturation of the detector at high radiation energy
densities. Additionally, following [23] we assume that the
reconstruction is 100 % effective. We consider only γ-ray
conversion in the nuclear field. Events due to primary γ-
ray conversion on atomic electrons (“triplet events”) may
yield some additional information.
3.1. Effective area
We estimate the effective area of the MAST telescope
for normal incidence using two equivalent approaches as
follows:
A(E) = L2 (1− exp [−µp(E)ρ (Dt −X0)]) =
L2 (1− exp [−σp(E)n (Dt −X0)]) ,
(1)
2in what follows we assume the rectangular box shape for sim-
plicity
3the maximal payload to the 185 km× 185 km× 28.5◦ low Earth
orbit amounts to 63.8 t [15, 30]
4For the Fermi mission, out of 4450 kg total mass, only 3097 kg
is the payload, while 1002 kg is reserved for a dry bus and 351 kg
for propellant [31], hence the factor of 3097/4450≈0.7
Figure 1: A sketch of the proposed γ-ray detector
MAST (not to scale). See the text for more details.
where µp [cm
2/g] is the pair mass attenuation coefficient
as a function of the primary γ-ray energy E, σp [cm
2] is
the pair production cross section, and n [cm−3] is the con-
centration of Argon atoms. The effective area of MAST
calculated following the latter approach with σp accord-
ing to Geant4 [32, 33, 34] Physics Reference Manual [35]
(version 10.4, Subsection 6.5.1, equation 6.4) 5 is presented
in Fig. 2 (top-left) in comparison with the same quantity
for Fermi-LAT [1] and for the projected γ-ray telescopes
ADEPT [25] and e-ASTROGAM [36]. The relative dif-
ference between the values of A calculated with the two
above-mentioned approaches is less than 3 % in the 10
MeV – 100 GeV energy range.
3.2. Angular resolution
The single-photon angular resolution (68 % contain-
ment radius) was estimated as follows:
σθ =
√√√√ 4∑
i=1
σ2θi, (2)
where σθ1 is the single-track angular resolution compo-
nent due to finite detector spatial resolution, σθ2 is the
5we assumed σp = const at E >8.7 GeV
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Figure 2: Performance of the MAST detector in comparison with other instruments. Top-left: effective area. Top-right: angular resolution.
Bottom-left: energy resolution. Bottom-right: point-like source differential sensitivity.
single-track angular resolution component due to multiple
scattering, σθ3 is the so-called “kinematical limit”, and σθ4
is the contribution from the uncertainty of the secondary
electron and positron momentum absolute value measure-
ment (for a discussion of pair production kinematics rele-
vant for γ-ray telescopes see e.g. [37, 38]).
Following [23, 24],
σθ1 =
2σd
x
√
3
N + 3
(3)
and
σθ2 =
(2σd)
1/4l
1/8
t
X
3/8
0
(
p0
p
)3/4
, (4)
where x is the tracking length (we assume x = X0), N =
x/(3σd) ≈ 560 is the number of samplings 6, and p0=
13.6 MeV/c. The spatial resolution σd is limited mainly
by the longitudinal sampling lt and the spatial extension
6In the expression for N we assume that the segments of the track
become statistically independent at distances larger than 3σd
of charge carrier cloud (which, in turn, is defined by the
diffusion process, see eq. (3.4) of [29]):
σd =
√
l2t
12
+
KD∆t
vd
. (5)
Here KD= 16 [cm
2/s] [39] (Fig. 10) is the perpendicular
diffusion coefficient and vd= 2.6·105 [cm/s] [39] (Fig. 7)
is the charge carrier drift velocity (see also [40, 41, 42, 43]
and [29] for discussion). If, instead, we consider only the
segments of the track that are immediately adjacent to the
readout device, then N = x/∆t = 14 and σd = lt/
√
12.
Both options for the (N, σd) values result in comparable
values of σθ1.
The kinematical limit σθ3 is due to the fact that the
recoil nucleus is very hard to register. We assume that the
recoil nucleus is not seen. The kinematical limit σθ3 was
calculated according to [44] with correction of [45] using
tables for the Argon atomic form-factor presented in [46].
Finally, an uncertainty in electron (p−) and positron
(p+) momenta absolute value measurement translates into
some uncertainty of the reconstructed primary γ-ray direc-
tion. This contribution to the angular resolution (σθ4) was
3
estimated with a dedicated Geant4 (version 4.10.04.p02)
application by calculating a change 7 in the reconstructed
pair direction ~p+ + ~p− assuming true MC momenta val-
ues in the first case and equal distribution of the momenta
between the electron and the positron in the second case.
The result of our calculation for the full angular res-
olution σθ is shown in Fig. 2 (top-right) in comparison
with the same quantity for other γ-ray detectors, namely
Fermi-LAT [1], GAMMA-400 [47, 48, 49],
e-ASTROGAM [36], AdEPT [25], GRAINE [50], as well
as for imaging atmospheric Cherenkov telescopes (IACTs)
CTA, H.E.S.S., andMAGIC. σθ for these IACTs was taken
from [51]; these experiments are described in [52, 53] (CTA),
[54, 55] (H.E.S.S.), and [56, 57] (MAGIC ). For all men-
tioned γ-ray instruments, we take the results on the an-
gular resolution presented by the authors at face value.
For VERITAS [58, 59] the angular resolution is qualita-
tively similar; it is not shown to avoid confusion of the
graph. A discussion of the point spread function of IACTs
is available in [60]. We note that σθ for MAST and e-
ASTROGAM is comparable notwithstanding the two-order
difference in the effective area of these projected instru-
ments.
3.3. Energy resolution
The energy resolution was estimated with the same
Geant4 application that was used in the previous sub-
section. We simulated the development of electromagnetic
cascades inside the model of the MAST detector for five
values of the primary γ-ray energy (E= 100MeV , 1 GeV ,
10 GeV , 100 GeV , 1 TeV ) and recorded all the tracks of
cascade electrons above the energy threshold of 10 MeV .
The critical energy for Argon is ≈ 33 MeV for e− and ≈ 32
MeV for e+ [61].
The primary energy was reconstructed as follows: 1)
using the integral over the cascade curve at E ≤100 GeV
as the energy estimator and 2) by normalizing to the fol-
lowing analytical expression for the cascade curve (see eq.
(33.36) in [62]) at E= 1 TeV :
dE
dt
= C0b
(bt)a−1e−bt
Γ(a)
, (6)
where a, b, and C0 are the free parameters of the fit, t is the
thickness in radiation lengths, and Γ denotes the gamma
function. For the case of E= 100 GeV and the first energy
estimation method we introduced an additional correction
to the estimated value of the primary energy depending on
the depth of the shower’s maximum. Using a simple linear
correction, we were able to improve the resulting relative
energy resolution ǫE from 11.4 % to 8.6 %. For the case of
E= 1 TeV we excluded ≈3 % of cascades which revealed
fitting problems.
7this comparison was made at the conversion vertex; calculating
the change in the reconstructed pair direction allowed us to single
out the σθ4 contribution
The dependence of ǫE on E is shown in Fig. 2 (bottom-
left) in comparison with the Fermi-LAT energy resolution
[1]. We note that it appears possible to estimate the pri-
mary energy with a reasonable accuracy both at the low-
energy region (E= 100 MeV –1 GeV ), as well as at the
high-energy region (E= 100 GeV –1 TeV ), notwithstand-
ing a relatively high critical energy in Argon (compared to
the tungsten calorimeter of Fermi-LAT ) and a relatively
low depth of the MAST calorimeter that amounts to 11.4
radiation lengths. The details of this primary energy esti-
mation procedure will be published elsewhere. Moreover,
the results of [63] indicate that a several-fold improvement
in the energy resolution is achievable in the energy range
of 0.5–5 GeV .
3.4. Differential sensitivity
Finally, we estimated the differential sensitivity of the
MAST telescope for point-like sources following the ap-
proach of [23] and assuming four bins per decade of energy,
the threshold significance of 5 σ, and the effective area and
angular resolution as described above. We also require at
least ten events in every energy bin. The EGRB with the
spectrum in the form dN/dE = C0(E/E0)
−γexp(−E/Ec)
with (C0= 7.8·10−8 MeV −1cm−2s−1sr−1, E0= 100MeV ,
γ= 2.26, and Ec= 233 GeV ) (model C of [5]) was as-
sumed as the background in this calculation. The resulting
differential sensitivity of MAST for ten years of observa-
tion is shown in Fig. 2 (bottom-right) in comparison with
the same quantity for Fermi-LAT [1], GAMMA-400 8, e-
ASTROGAM [36] (for the threshold significance of 3 σ),
as well as for the projected TPC γ-ray telescope [23, 24],
H.E.S.S., MAGIC and CTA (data for these IACTs are
from [51]). The sensitivity of IACTs is for 50 hours of ob-
servation. The sensitivity for MAST is shown for two op-
tions: 1) “the survey mode” when the source is seen only a
fraction of time η= 0.17 (solid curve) and 2) “the pointing
mode” with η= 1 (dashed curve), and for GAMMA-400 —
for “the pointing mode” and ten years of observation. We
note that a preliminary version of this result was presented
in [64] for different detector parameters.
4. Discussion
Calculations made in the previous section show that
the MAST γ-ray telescope could achieve a significant im-
provement over presently operating and projected space-
based γ-ray detectors in terms of the effective area and
differential sensitivity, at the same time retaining excellent
angular resolution and reasonable energy resolution. The
tracker and calorimeter of the MAST detector should be
complemented with a segmented anticoincidence detector
(ACD) in order to suppress the background from charged
particles. The operation of the ACD is possible thanks to
8the table for the differential sensitivity was kindly provided by
the GAMMA-400 team
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the design of the MAST tracker with minimal (∼ 102−103
ns) drift times for track segments immediately adjacent to
the readout device.
In what follows we assume the trigger condition
(SACD = 0)AND(Edep > 30MeV ), i.e. that the signal in
the ACD is below the threshold and the energy deposit in-
side the tracker exceeds 30MeV . This condition allows to
register 100MeV γ-rays without any loss in efficiency pro-
vided that the conditions specified in Sect. 2 are satisfied.
Furthermore, assuming the background fluxes according to
Fig. 12 of [1], and the ACD with the efficiency α = 1 − δ
with δ= 3 · 10−4 [65], we estimate the total residual rate
for charged particles Rch ≈30 Hz (for comparison, the
expected signal rate is ∼20 Hz).
For terrestrial γ-rays Rγ ∼500 Hz; for neutrons, using
a separateGeant4 application and assuming the QGSP BERT
interaction model, we obtained a similar value, Rn ∼500
Hz. These conservative estimates were obtained with a
rough account of the angular resolution of terrestrial γ-
rays and neutrons that is peaked towards the Earth while
the telescope is oriented in the opposite direction. The
total background rate Rb−Tot ∼1 kHz is comparable with
the downlink frequency ∼400 Hz [1]. A more detailed
analysis would result in lower Rb−Tot. To conclude, ter-
restrial γ-rays and neutrons represent a dangerous source
of background, but still Rb−Tot is low enough to allow data
acquisition and avoid the overlapping of different events.
We note that the huge (total mass 68 kt) liquid Argon
detectors of the DUNE project [66] are presently in devel-
opment. The successful operation of the ICARUS T 600
experiment [19] once more proves that the liquid Argon
TPC is an extremely cost-effective technique. Therefore,
we estimate the capital costs of theMAST and Fermi-LAT
detectors to be comparable notwithstanding the order-of-
magnitude difference in their masses. The price of the
Falcon Heavy rocket launch [15] is only twice the price
of the Delta-II rocket [67] which was used to carry the
Fermi-LAT telescope. Future progress in rocket technolo-
gies could result in comparable capital costs of the MAST
and Fermi-LAT experiments.
Possible astrophysical tasks for the MAST instrument
include, but are not confined to the EBL [68, 69, 12, 70]
and EGMF [13, 14] measurement (for a review see [71, 72]),
the study of the γ-ray – neutrino connection in blazars
[73, 74, 75, 76, 77], observations of neutron star merg-
ers [78, 79], the search for γ-rays from black hole mergers
[80, 81], γ → ALP oscillation [82] in active galactic nu-
clei spectra [83, 84, 85, 86, 87, 88, 89], Lorentz invariance
violation search [90, 91, 92] (see, however, [93]), and DM
annihilation or decay signatures search [9, 10, 11]. Detailed
investigation of the MAST sensitivity to these processes
is beyond the scope of the present paper. Preliminary
estimates obtained with intergalactic cascade calculation
techniques developed in [94, 95, 96] show a good sensitiv-
ity to the EGMF strength down to 10 aG and coherence
length of 1 kpc (see also [97, 98]). The results of this
study will be published elsewhere. Finally, we note that
MAST could represent an excellent low-energy counter-
part for ground-based γ-ray detectors such as CTA [52]
and LHAASO [99, 100].
5. Conclusions
In this paper we considered a concept of a γ-ray tele-
scope called MAST based on heavy time projection cham-
ber (TPC) filled with liquid Argon. Estimates of the effec-
tive area, angular resolution, energy resolution, and differ-
ential sensitivity show a great potential of such an instru-
ment in a wide range of γ-astronomical tasks. We conclude
that constructing and operating the MAST detector could
facilitate a significant advance in astroparticle physics.
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